The prevalence of the heterogeneous vancomycin-intermediate Staphylococcus aureus (hVISA) phenotype among methicillinresistant S. aureus (MRSA) blood isolates can reach 38%. hVISA bacteremia is known to be associated with vancomycin treatment failure, including persistent bacteremia. We conducted this study to evaluate risk factors for 12-week mortality in patients with hVISA bacteremia through a detailed clinical and microbiological analysis of a prospective cohort of patients with S. aureus bacteremia. All isolates were collected on the first day of bacteremia and subjected to population analysis profiling for hVISA detection, genotyping, and PCR analysis for 39 virulence factors. Of 382 patient with MRSA bacteremia, 121 (32%) had hVISA bacteremia. Deceased patients were more likely to have hematologic malignancy (P ‫؍‬ 0.033), ultimately or rapidly fatal disease (P ‫؍‬ 0.007), and a higher Pitt bacteremia score (P ‫؍‬ 0.010) than surviving patients. The sequence type 239 (ST239) clonal type and definitive linezolid treatment were associated with a trend toward reduced mortality (P ‫؍‬ 0.061 and 0.072, respectively), but a high vancomycin MIC (>2 mg/liter) was not associated with increased mortality (P ‫؍‬ 0.368). In a multivariate analysis, ultimately or rapidly fatal disease (adjusted odds ratio [aOR], 2.80; 95% confidence interval [CI], 1.14 to 6.85) and a high Pitt bacteremia score (aOR, 1.26; 95% CI, 1.07 to 1.48) were independent risk factors for mortality. Hematologic malignancy was associated with a trend toward increased mortality (P ‫؍‬ 0.094), and ST239 was associated with a trend toward reduced mortality (P ‫؍‬ 0.095). Our study suggests that ST239 hVISA is a possible predictor of survival in hVISA bacteremia.
M
ethicillin-resistant Staphylococcus aureus (MRSA) bacteremia is one of the most serious bacterial infections and is associated with significant morbidity and mortality. In Europe and the United States, MRSA infections have been decreasing since the mid-2000s, probably owing to general efforts at infection control. However, the burden of MRSA infections is still high (from 28% to Ͼ70% of S. aureus infections) in Asia (1) . Vancomycin has been the standard treatment for MRSA infections. However, MRSA strains with reduced susceptibility to vancomycin, such as vancomycin-intermediate S. aureus (VISA) and heterogeneous vancomycin-intermediate S. aureus (hVISA), have emerged and compromised the utility of vancomycin (2, 3) . Most reported VISA and hVISA strains are from clonal complex 5 (sequence type 5 [ST5]) or 8 (mostly ST239), reflecting their adaptation as hospital MRSA clones (4, 5) . VISA strains are rarely encountered in real clinical practice, and hVISA strains usually go undetected by the traditional MIC testing performed in clinical microbiology laboratories. Vancomycin heteroresistance refers to the presence of subpopulations (at a rate of 1 organism per 10 5 to 10 6 ) with lowered susceptibility within a larger population of fully vancomycin-susceptible S. aureus (VSSA). The gold standard for hVISA detection is modified population analysis profiling (PAP); however, this method is labor-and time-intensive and impractical in the clinical laboratory (6, 7) .
In previous studies, the prevalence of the hVISA phenotype among MRSA blood isolates reached 38%. According to a recent meta-analysis of studies comparing hVISA and VSSA infections, the clinical consequences of hVISA infections were vancomycin treatment failure (defined as persistent bacteremia or infection and/or prolonged signs of infection) and high-inoculum infections, such as infective endocarditis (6, (8) (9) (10) . Interestingly, despite these findings, mortality rates from hVISA and VSSA infections were found to be similar.
Although there are many studies that have identified clinical and microbiological risk factors for mortality in S. aureus/MRSA bacteremia, there are no studies that have evaluated the mortality risk factors in hVISA bacteremia. The objective of the present study was to evaluate risk factors for mortality in patients with hVISA bacteremia by means of a detailed clinical, microbiological, and molecular investigation of a MRSA bacteremia registry.
MATERIALS AND METHODS
Study population and design. The prospective observational cohort study was performed in patients with S. aureus bacteremia at the Asan Medical Center, a 2,700-bed tertiary referral center, between August 2008 and April 2011 (11) . All adult patients with S. aureus bacteremia were prospectively enrolled and observed over a 12-week period. In our hospital, more than 90% of patients with S. aureus bacteremia receive infectious diseases consultation and are routinely recommended to undergo follow-up blood cultures at 2-to 4-day intervals until negative conversion, as well as echocardiography and monitoring of vancomycin trough concentrations. Patients were excluded if (i) they had polymicrobial bacteremia or (ii) they died or were discharged before positive blood culture results. Only the first episode of bacteremia was included in the analysis, and all MRSA isolates obtained on the first day of bacteremia were collected and stored for further testing. Of the patients with MRSA bacteremia, only those with hVISA bacteremia were included in the study. Attending physicians and infectious disease consultants were blinded to the presence of hVISA infection. This study was approved by the Asan Medical Center Institutional Review Board.
Data collection and study definitions. Demographic characteristics, underlying diseases or conditions, severity of the underlying disease, severity of bacteremia, site of infection, antibiogram results, patient management, and clinical outcome were recorded. Charlson's comorbidity index was used to score the severity of the underlying disease (12) . Prognosis of the underlying disease was classified, according to the system of McCabe and Jackson, as rapidly fatal (when death was expected within several months), ultimately fatal (when death was expected within 4 years), and nonfatal (when life expectancy was Ͼ4 years) (13) . The severity of bacteremia was based on the Acute Physiology and Chronic Health Evaluation II (APACHE II) score and Pitt bacteremia score (14) . Bacteremia was classified as hospital acquired if a positive blood culture was obtained from patients who had been hospitalized for 48 h or longer. Community-onset bacteremia was classified as health care associated or community acquired as defined by Friedman et al. (15) .
The site of infection causing hVISA bacteremia was defined according to the Centers for Disease Control and Prevention criteria (16) . Infective endocarditis was defined according to the modified Duke criteria (17) . Catheter-related infection was considered to be the source of bacteremia in patients with an intravascular device according to the Infectious Diseases Society of America guidelines (18) . A definitive antibiotic was defined as an antibiotic that was administered for more than two-thirds of the course of treatment. Treatment outcome of bacteremia was evaluated based on 12-week all-cause mortality. Microbiological data and genotypic assays. All S. aureus isolates were identified by standard methods. Antimicrobial susceptibilities were determined using the MicroScan system (Dade Behring, West Sacramento, CA, USA) and the standard criteria of the Clinical and Laboratory Standards Institute. Methicillin resistance was confirmed by detection of the mecA gene by PCR. hVISA was detected by population analysis profiling of all MRSA isolates, as previously described (7). All MRSA isolates were cultured in tryptone soy broth for overnight growth, and then cultures were diluted in saline to 10 Ϫ3 and 10 Ϫ6 . Aliquots of each dilution (15 l) were spiral plated (Don Whitley spiral platers, West Yorkshire, United Kingdom) onto brain heart infusion agar plates containing 0, 0.5, 1, 1.5, 2, 3, 4, and 8 mg/liter vancomycin. Colonies were counted after a 48-hour incubation at 35°C, and the viable count was plotted against the vancomycin concentration by using SigmaPlot 9.0 (Systat Software, Inc., Richmond, CA). An isolate was identified as hVISA if the ratio of the area under the viable count-vancomycin curve (AUC) of the test isolate versus the AUC of the reference strain (Mu3; ATCC 700698) was Ն0.9. VISA was defined as the same ratio at a level of Ն1.3. Vancomycin MICs of the hVISA isolates were determined with the vancomycin Etest (AB Biodisk, Piscataway, NJ, USA) on Mueller-Hinton agar, according to the manufacturer's instructions.
The staphylococcal cassette chromosome mec (SCCmec) type and agr genotype of each hVISA isolate were identified using previously described methods (19, 20) . The agr functionality was determined based on delta-hemolysin activity, as described elsewhere (21), because agr dysfunction results in a defect in delta-hemolysin production. Multilocus sequence typing (MLST) was performed for all strains as described elsewhere (22) . MLST allele names and STs were derived from the MLST database (http://www.mlst.net). The presence of 39 virulence genes, including adhesions and toxins, was determined as previously described (23) (24) (25) .
Statistical analysis. We compared surviving and deceased patients who had hVISA bacteremia. Categorical variables were compared using the 2 test or Fisher's exact test, as appropriate, and continuous variables were compared using the Mann-Whitney U test. To identify independent risk factors for mortality in patients with hVISA bacteremia, all significant variables in the univariate analysis, and other variables of clinical importance, were included in a multiple logistic regression model. The final model was constructed using the backward stepwise selection procedure. A two-tailed P value less than 0.05 was considered statistically significant. All statistical analyses were performed using SPSS software, version 18.0 (SPSS Inc., Chicago, IL, USA).
RESULTS

Clinical characteristics.
A total of 382 Asan Medical Center patients with MRSA bacteremia were prospectively enrolled during the study period, and their first MRSA isolates were collected and tested. Of these 382 MRSA isolates, 121 (32%) had the hVISA phenotype. No VISA isolates were found. MRSA strains were isolated from 27 different Medical Center departments, and hVISA strains were isolated from 24 different departments. The demographic and clinical characteristics of the 121 patients with hVISA bacteremia are shown in Table 1 . Most patients (75%) were male, and nosocomial and health care-associated infections were common (96%). Most patients (89%) were initially treated with vancomycin. As the definitive antibiotic, 68% of patients received vancomycin and 26% received linezolid. Eighty-three patients (69%) survived and 38 (31%) died within 12 weeks.
Comparisons of the clinical characteristics of the deceased and surviving patients are shown in Tables 1 and 2 . The deceased patients were more likely than the surviving patients to have hematologic malignancy (P ϭ 0.033), ultimately or rapidly fatal disease (P ϭ 0.007), higher APACHE II (P ϭ 0.013) and Pitt bacteremia (P ϭ 0.010) scores, and septic shock (P Ͻ 0.001). There were tendencies for solid tumor, immunosuppressant use, pneumonia, and definitive treatment with other than linezolid to be associated with mortality. Complications of bacteremia and sites of infection other than the lung were not associated with mortality. Because most patients with eradicable foci underwent source control, removal of eradicable foci was not associated with mortality.
Microbiological data and genotypic characteristics. Most hVISA isolates (81%) had vancomycin MICs of Ն1.5 mg/liter. Common genotypes were ST5-SCCmec type II-agr group II, ST72-SCCmec type IV-agr group I, and ST239-SCCmec type IIIagr group I. As shown in Table 2 , there was no significant difference in vancomycin MICs between the deceased and surviving groups. agr genotype and agr functionality were not associated with mortality. However, SCCmec type III and the ST239 clone were associated with trends toward lower mortality (P ϭ 0.062 and P ϭ 0.061, respectively). A comparison of virulence factors in the deceased and surviving group is shown in Table 3 . The map/ eap gene was significantly associated with survival (P ϭ 0.020), and sec, seg, and sei were marginally associated with mortality. Table 4 shows the clinical, microbiological, and molecular characteristics of major hVISA strains. Clinical characteristics were similar among MLSTs. However, molecular characteristics (in particular exotoxins) were significantly different between ST239 hVISA and ST5/ST72 hVISA.
Risk factors for mortality. Significant univariate variables in Tables 1 and 2 and other variables of clinical importance were included in a logistic regression model to identify independent risk factors. Because the Pitt bacteremia score was highly correlated with the APACHE II score and septic shock, and each of these reflect the severity of bacteremia, we retained the Pitt bacteremia score. Similarly, as ST239 was highly correlated with map/ eap and with none of the sec, seg, or sei genes (Table 4) , we retained ST239. Thus, we used hematologic malignancy, ultimately or rapidly fatal disease, Pitt bacteremia score, definitive treatment with linezolid, and presence of the ST239 clone in the logistic regression modeling. Multivariate analysis indicated that ultimately or rapidly fatal disease (adjusted odds ratio [aOR], 2.80; 95% confidence interval [CI], 1.14 to 6.85) and a high Pitt bacteremia score (aOR, 1.26; 95% CI, 1.07 to 1.48) were independent risk factors for mortality (Table 5) . Hematologic malignancy was associated with a trend toward increased mortality (P ϭ 0.094), and ST239 was associated with a trend toward reduced mortality (P ϭ 0.095). When these variables plus age and other marginally significant clinical variables were used in the logistic regression modeling, the same results were obtained. 
DISCUSSION
Many studies have evaluated the risk factors for mortality in patients with S. aureus bacteremia (26) . Host factors, pathogen-host interactions, pathogen-specific factors, and clinical management can influence mortality. In most studies, important predictors for mortality are (i) age and comorbidities as host factors and (ii) severity of bacteremia (APACHE II score, septic shock) and primary site of infection as pathogen-host interactions. Microbiological factors, such as methicillin resistance, high vancomycin MIC, and bacterial toxins and factors related to clinical management, were inconsistently associated with increased mortality (26) . In studies comparing hVISA and MRSA bacteremia, hVISA was associated with persistent bacteremia rather than higher mortality (8, 10, 26, 27) . In the present study, we evaluated risk factors for mortality in patients with hVISA bacteremia and found that ultimately or rapidly fatal disease, which reflects the severity of comorbidities, and Pitt bacteremia score, which reflects the severity of bacteremia, were independent risk factors. These findings are consistent with those of previous studies that examined all patients with S. aureus bacteremia or MRSA bacteremia (26) . A high vancomycin MIC by Etest (Ն2 mg/liter) was not associated with increased mortality in hVISA bacteremia patients in the present study (P ϭ 0.368). On the other hand, a recent meta-analysis of 22 studies reported that a high vancomycin MIC by Etest was significantly associated with a higher mortality rate in MRSA bacteremia (28) . There are several possible explanations for this difference. The first explanation is that, because regardless of the actual vancomycin MIC hVISA infections themselves contain a vancomycin-intermediate subpopulation, the impact of a high vancomycin MIC may not be evident. Second, the proportion of isolates with a high vancomycin MIC was about 40% in the present study, whereas it was 20% in the meta-analysis. This high proportion of high vancomycin MICs may have diminished their impact. Third, the high vancomycin MIC was generally not significantly associated with increased mortality in each of the studies included in the meta-analysis. Therefore, its impact on outcome in hVISA bacteremia may be apparent only in a larger study. In another recent meta-analysis that included 38 studies of S. aureus bacteremia, a vancomycin MIC of Ն1.5 mg/liter was not significantly associated with increased mortality (29) . In the present study, several virulence factors were candidate risk factors for mortality. However, the magnitude of their impact was small and they were associated with specific clonal types, as shown in Table 4 . The seg and sei genes were highly associated with ST5 and ST72: sec with ST5 and seq and map/eap with ST239. In turn, ST239 was associated with a trend toward reduced mortality. Whether some specific virulence factor or clonal type makes a major contribution to clinical outcome needs to be further investigated. An Australian study by van Hal et al. also found that ST239 hVISA was an independent predictor of reduced mortality in MRSA bacteremia (aOR, 0.27; 95% CI, 0.09 to 0.83; P ϭ 0.022) (30) . In that study, most VSSA isolates (75%) and all hVISA isolates were ST239. The reduced mortality of hVISA was not observed in studies conducted in other countries with different predominant STs (8, 9, 27, 31) . Therefore, the reduced mortality of ST239 hVISA may be due to ST239-hVISA-specific characteristics rather than vancomycin heteroresistance itself. The ST239 hVISA clone in the present study was probably less virulent than ST5 hVISA. This should be checked in further work.
Vancomycin has been the standard treatment for MRSA bacteremia. Although vancomycin treatment failure is higher in hVISA infections (10) , in actual clinical practice, most patients with hVISA bacteremia are treated with vancomycin, because testing for hVISA is not routinely performed. There is no clinical study that has compared the efficacy of vancomycin and another antibiotic in hVISA bacteremia. In the present study, linezolid treatment was associated with a trend toward reduced mortality in the univariate analysis, although characteristics (site of infection) of hVISA bacteremia were similar between patients who received definitive linezolid treatment and those who received definitive glycopeptide treatment, as shown in Table S1 in the supplemental material. We could not evaluate the efficacy of daptomycin, because it was not available in our country. Linezolid has been successfully used in several cases of hVISA or VISA bacteremia (6) . A possible explanation for this was provided by a recent study by Watanabe et al. (32) . They showed that there was a significant inverse relationship in terms of vancomycin and linezolid susceptibilities between VSSA and VISA. hVISA isolates are more likely to have thicker cell walls with more binding sites that sequester vancomycin than are isolates fully susceptible to vancomycin (6) , and this physiologic change may enhance linezolid activity. The usefulness of linezolid in treating hVISA bacteremia requires further study.
Our study has two main limitations. First, we did not use infection-attributable mortality due to the low event rate (11%). Also, in many previous studies that evaluated risk factors for mortality due to S. aureus bacteremia, the main outcome of interest was all-cause mortality (26, 29) . When we used attributable mortality, the risk factors for outcome in the univariate analysis were similar to those for all-cause mortality. Second, the number of ST239 isolates and linezolid-treated patients was small, and so significant associations could not be demonstrated. A large study involving a variety of clonal types and/or a randomized study is needed to confirm our findings.
In conclusion, ultimately or rapidly fatal disease, reflecting the severity of comorbidities, and the Pitt bacteremia score, which indicates the severity of bacteremia, were independent risk factors for mortality in patients with hVISA bacteremia. ST239 hVISA was a possible predictor of survival. A high vancomycin MIC was not associated with increased mortality. Further studies are required to validate these findings. 
